ABSTRACT: An efficient and economic approach is proposed for the fast and direct recovery of silica materials from photonic waste powder. Unlike the conventional alkaline fusion method for the extraction of silica from waste materials, this method possesses advantages of a rapid and low-energyconsumed process with total recovery yield. The obtained mesoporous silica material, denoted as MCM-41(DU)-F, was recovered directly from photonic waste powder at room temperature with the assistance of cationic surfactant, hydrofluoric acid, and ammonia hydroxide. The recycled MCM-41(DU)-F with a high specific surface area (788 m 2 /g), ordered mesoporous structure (4.5 nm), and large pore volume (1.1 cm 3 /g) was used as support of tetraethylenepentamine (TEPA) for the capture of CO 2 from a flue gas stream. The results demonstrated that TEPA-impregnated MCM-41(DU)-F had an adsorption capacity of 120 mg of CO 2 /g of adsorbent. This is higher than the amount adsorbed by TEPA-MCM-41(NaSi) made from pure chemicals (113 mg of CO 2 /g of adsorbent) and TEPA-MCM-41(AF) made from alkaline fusion (112 mg of CO 2 /g of adsorbent) under the same testing conditions. This novel recycling process, which can improve cost effectiveness for the mass production of valuable mesoporous silica materials from cheap and abundant resources through convenient preparation steps, is surely beneficial from the viewpoint of economical use of photonic industrial waste powder.
■ INTRODUCTION
A significant quantity of silicon (Si)-containing waste powder is generated from photonic and semiconductor industries because of the growing markets. 1 The waste powders have problems of treatment and disposal because of their light-density and bulky volume. In general, the primary components contained in photonic waste powder are sub-micrometer SiO 2 particles as well as F-and N-related compounds. 1 The small particle sizes of such waste powders induce harmful effects on humans if not properly treated.
Resource recovery is one of the effective strategies in waste management, which can reduce the need for additional landfill space and conserve natural resources. The recovery and applications of silicon-containing solid wastes, such as coal fly ash and rice husk ash, have been successfully conducted, which include adsorbents for heavy metals in wastewater, 2 catalyst support for preparing carbon nanotubes 3 and heterogeneous catalysts, 4 etc. Recently, coal fly ash has also been shown to be potential sources for the manufacture of porous materials through zeolitization because coal fly ash is primarily composed of SiO 2 and Al 2 O 3 .
5−9 A low-cost zeolite material can be extensively applied for environmental protection use.
Ordered mesoporous silica has attracted a great deal of attention since the first discovery of M41S by Mobil Oil Corporation. 10 Mesoporous silica with a high surface area, tunable pore structure, and unique surface chemistry via functionalization provides potential applications in adsorption and catalytic processes, etc. 11, 12 In particular, there has been a growing interest in the utilization of ordered mesoporous silica on environmental protection. For example, the control of abundant carbon dioxide by amine-functionalized mesoporous silica is one of the most challenging issues in recent years. 13 Generally, mesoporous silica was mainly made using pure chemical sources, such as silicon alkoxides, 14 colloidal silica, 15 and sodium silicate. 16 However, large demands of silicon sources would lead to the fast drain and shortage of natural resources.
There have been studies on the conversion of either coal fly ash or rice husk ash into mesoporous silica, where alkaline fusion and/or hydrothermal treatments are employed for the effective extraction of silica source from the solid wastes. 17−20 Chang and co-workers 21 first reported the synthesis of mesoporous aluminosilicate, which was hydrothermally processed at 115°C for 150 h using the supernatant extracted from coal fly ash via the alkaline fusion method. Later on, Hui and Chao 22 proposed a simplified procedure, where coal fly ash was treated with sodium hydroxide solution under mild conditions of 100°C for 4.5 h to obtain the supernatant.
Our prior study 1 demonstrated the possibility of extracting silicate supernatant from photonic waste powder, which was obtained from the exhaust of the chemical vapor deposition (CVD) process in thin-film transistor−liquid crystal display (TFT−LCD) plants. The alkaline fusion method was employed in our prior study, and the obtained supernatant was further used for manufacturing silica materials. However, the disadvantages of the alkaline fusion method for extracting the silicon from solid wastes are the long processing period (∼24 h) and the low silicon recovery yield (20−33%). 20, 22 Thus, the industrial application of this fusion process would have certain limitations. An efficient and low-energy method for the total recycling of photonic waste powder into valuable mesoporous silica must be developed.
In this study, a facile and low-energy-consumed approach on the direct use of industrial photonic silicate waste for complete recycling into silica resources is proposed for the first time. Detailed characterization and formation mechanisms of silica materials via the direct usage of silicate waste powder were investigated and discussed. In addition, an attempt has also been made to evaluate the performance of such inexpensive siliceous materials as supports of adsorbents for CO 2 capture. The recycled waste-derived mesoporous silica shows superior CO 2 adsorption performance over mesoporous silica MCM-41(NaSi) obtained from pure chemical. Therefore, the present study not only proposes a possible route for minimizing the release of hazardous substances into the environment, contributing to the prevention of environmental contamination, but also benefits massive production in highly valuable silicabased sorbents for environmental protection applications, avoiding the fast drain and shortage of natural resources.
■ EXPRERIMENTAL SECTION
Recovery of Mesoporous Silica from Photonic Waste Powder. The photonic waste powder was obtained from a TFT−LCD plant, and its chemical composition can be seen in Table S1 of the Supporting Information. Mesoporous silica was synthesized via the direct utilization of raw waste powder as the silica source, and cetyltrimethylammonium bromide (CTAB) was employed as the structure-directing template. The molar composition of the gel mixture was 1 SiO 2 /0.2 CTAB/x HF/12 NH 4 OH/120 H 2 O (x varies with the molar ratio of HF/Si). In a typical procedure, 9.35 g of waste powder was first dissolved in 137 mL of deionized (DI) water. Subsequently, a given amount of hydrofluoric acid was added to the above solution. Meanwhile, 7.28 g of CTAB was dissolved in 25 mL of DI water, and then it was added dropwise to the above solution. Then, 32.06 g of ammonium hydroxide solution was slowly added to promote the hydrolytic condensation of the silica− surfactant mixture. All of the above procedures were performed under continuous stirring. The resulting gel mixture was aged at room temperature for 8 h; the resultant solid was recovered by filtration, washed with DI water, and dried in an oven at 110°C for 6 h. Finally, the organic template was removed using a muffle furnace in air at 550°C for 6 h. The mesoporous MCM-41 synthesized by direct usage of waste powder as the silica source in the absence of hydrofluoric acid was denoted as MCM-41(DU), while the MCM-41 sample synthesized by direct usage of waste powder in the presence of hydrofluoric acid was denoted as MCM-41(DU)-F.
For comparison purposes, the waste-derived mesoporous MCM-41 material as extracted via the alkaline fusion process was also performed. The waste powder was treated with sodium hydroxide at a weight ratio of 1:1.2, and the mixture was then heated at 550°C for 1 h to obtain the fused mass. The activation temperature of 550°C has been proven effective in extracting silicon from silicon-containing solid wastes. 21 The received fused product was then mixed with DI water at a weight ratio of 1:5 with continuous stirring for 24 h. The resulting mixture was then centrifuged to separate the sediment and the supernatant. The obtained silicate supernatant was used as the silica source for the synthesis of MCM-41, with detailed procedures described in our prior study. 1 The molar composition of the gel mixture was 1 SiO 2 /0.2 CTAB/120 H 2 O/0.89 H 2 SO 4 . The MCM-41 material using silicate supernatant derived from the alkaline fusion process was denoted as MCM-41(AF). Moreover, the synthesis of MCM-41 using pure chemicals of sodium metasilicate nonahydrate (Na 2 SiO 3 ·9H 2 O) as the silica source was studied as well, which was similar to that described in MCM-41(AF). The obtained material from pure chemicals of Na 2 SiO 3 ·9H 2 O was denoted as MCM-41(NaSi).
Application of Recycled Mesoporous Silicas for CO 2 Capture. Mesoporous silica adsorbents were functionalized with the amine agent of tetraethylenepentamine (TEPA) at a weight ratio of 1:1 in ethanol by the wet impregnation method. The TEPA has been proven as an efficient reagent for the capture of CO 2 .
13 Details of the impregnation procedures and the CO 2 adsorption tests are described in the Supporting Information.
■ RESULTS AND DISCUSSION
Recycling of Photonic Waste Powder into Mesoporous Silica. Panels a and b of Figure 1 depict the alkaline fusion process and the direct utilization process for the recovery of silica materials from the photonic waste powder, respectively. For the alkaline fusion process, the formation mechanism of silica materials from photonic waste powder can be explained by considering the chemical reactions presented in eqs 1−3. In brief, photonic waste powder consisting of (NH 4 ) 2 SiF 6 and SiO 2 was decomposed into gaseous silicon tetrafluoride (SiF 4 ) and ammonium fluoride (NH 4 F) solid residue when the temperature was above 220°C. 
Subsequently, remaining NH 4 F, which is thermally stable up to 850°C, would react with sodium hydroxide to produce gaseous ammonia and sodium fluoride solid residue.
Meanwhile, SiO 2 presented in photonic waste powder would also react with sodium hydroxide to produce sodium silicate.
The obtained sodium silicate was then used as the silica source to synthesize mesoporous MCM-41 in the presence of cationic surfactant of CTAB via hydrothermal treatment at 145°C for 36 h, as shown in Figure 1a . Therefore, the gaseous pollutants of SiF 4 and NH 3 tend to be formed during the alkaline fusion process for waste recovery.
The photonic waste powder is mainly composed of 85% (NH 4 ) 2 SiF 6 and 15% SiO 2 , and the total Si mass fraction [from (NH 4 ) 2 SiF 6 and SiO 2 ] detected by inductively coupled plasma−mass spectrometry (ICP−MS) analysis is 22.4%, as obtained from our prior study. 1 Silicon recovery yield was determined by the weight ratios of silicon contents in the raw waste powder and the silicon contents in the obtained mesoporous silica materials. It is noted from Figure 1a that there is only 28% of silicon recovery yield for MCM-41(AF) obtained via the alkaline fusion process. This is similar to the report by Chang and colleagues, who employed the alkaline fusion method for extracting silicon from coal fly ash, and the silicon recovery yield was ca. 32%. 21 They stated that a sufficient amount of sodium hydroxide and activation time is required for effectively converting silica in the form of quartz and mullite phases into more soluble forms of sodium silicate during the fusion process.
In the present study, the decomposition of (NH 4 ) 2 SiF 6 at 550°C results in losing silicon species from the release of gaseous silicon tetrafluoride. It is reasonable that the silicon recovery yield would be significantly affected by the loss of silicon species from gaseous silicon tetrafluoride because the photonic waste powder is mainly composed of 85% (NH 4 ) 2 SiF 6 and 15% SiO 2 . Therefore, even though MCM-41(AF) with a very high specific surface area can be manufactured, the alkaline fusion process might not be considered as an economic and energy-effective approach because of its low silicon recovery yield, long processing time, gaseous pollution formation, and high operational temperature.
Figure 1b reveals the direct utilization process proposed in this study. In a typical process, the photonic waste powder was first treated with hydrofluoric acid. It is expected that SiO 2 presented in photonic waste powder would react with hydrofluoric acid to produce hexafluorosilicic acid (H 2 SiF 6 ), and the chemical reaction is presented as follows:
Subsequently, the hydrolysis of (NH 4 ) 2 SiF 6 and SiF 6 2− can be accelerated by the addition of ammonium hydroxide.
Therefore, the overall reactions for the recovery of silica materials from photonic waste powder in the presence of hydrofluoric acid and ammonium hydroxide can be summarized as follows:
Also, it is well-known that the ionization of Si(OH) 4 produces anion silicate, such as SiO(OH) 3
−
, and the condensation rate can be greatly enhanced using basic catalyst.
The ionization of Si(OH) 4 makes silanol more electrophilic and, thus, more susceptible to react with the cationic surfactants of CTAB by electrostatic force. Finally, the cooperative assembly between the anionic silicate hydrolyzed from SiF 6 2− and free charged micelles undergo extensive condensation and polymerization; thus, the mesoporous silica material can be rapidly regenerated at ambient temperature. The novel MCM-41(DU)-F material can be obtained from direct use and complete recycling of photonic waste powder as the silica source. The process is simple, fast, and low-energy-consumed, which is more cost-effective when compared to the alkaline fusion process shown in Figure 1a . Low-angle powder X-ray diffraction (XRD) patterns of MCM-41(DU), MCM-41(DU)-F, and MCM-41(AF) are shown in Figure 2a . The results reveal the presence of the hexagonal lattice of the MCM-41(AF) material prepared via the alkaline fusion process, where two well-defined diffraction peaks of (100) and (110) located at 2θ of 2.5°and 4.1°were observed. 23 Similarly, MCM-41(DU) and MCM-41(DU)-F materials also exhibit two diffraction peaks of (100) and (110) located at 2θ of 1.7°and 3.5°, indicating that the silica materials with hexagonal mesostructure can be obtained by direct usage of photonic waste powder as the silica source. It can be observed that MCM-41(DU)-F shows a higher intensity of Figure  S1 of the Supporting Information. It is clear to see that all samples show a narrow pore size distribution, suggesting the uniform porosity of the obtained materials, while the sequence of the pore diameter is in the order of MCM-41(DU)-F > MCM-41(DU) > MCM-41(AF). This is probably attributed to the formation of soluble NH 4 F in the process, which could be easily dissociated, and the released fluorine ions are beneficial for the enlargement of the surfactant micelles.
The physical properties, such as Brunauer−Emmett−Teller (BET) specific surface area, specific pore volume, and average pore diameter, derived from N 2 adsorption−desorption measurements are summarized in Table 1 . To check the stability of using the photonic waste powder for preparing the mesoporous silicas, duplicate experiments were performed and the BET characterization of the three waste-derived mesoporous samples prepared from two different batches of waste powder showed that there was negligible effect on the sample pore structure (see Figure S2 of the Supporting Information). This could be attributed to the fact that the solid waste powder was obtained from the same TFT−LCD plant, which controls their process precisely and stably. One can see that the specific surface area and total pore volume of MCM-41(DU)-F are higher than those of MCM-41(DU), revealing that MCM-41(DU)-F possesses superior quality of the mesostructure, and this result is in agreement with the XRD results shown in Figure 2a .
The chemical composition of the obtained MCM-41(DU)-F sample was investigated by X-ray photoelectron spectroscopy (XPS) and energy-dispersive spectrometry (EDS) analyses, and the results are presented in panels a and b of Figure S3 of the Supporting Information. As seen from the spectra, the obtained silica materials contain silicon and oxygen elements and there is no observable impurity, suggesting that highly purified siliceous materials can be obtained by the proposed method in this study. The textural structure was obtained from transmission electron microscopy (TEM) analysis, as shown in panels c and d of Figure S3 of the Supporting Information. It can be observed that MCM-41(DU) material shows a poor-organized mesostructure, whereas MCM-41(DU)-F exhibits well-organized hexagonal pore arrangement, implying that the addition of hydrofluoric acid is beneficial for the formation of wellorganized mesoporous silica from waste powder. This is consistent with the results of XRD and BET analyses. In addition, the uniform porosity of obtained MCM-41(DU)-F revealed by TEM analysis is in agreement with the narrow pore size distribution (BJH) determined by N 2 adsorption− desorption measurement. As a result, one can conclude that pure silica materials with ordered mesostructure can be directly recovered from the photonic waste powder at room temperature with the assistance of CTAB, hydrofluoric acid, and ammonium hydroxide.
It could be speculated from the previous results of XRD, BET, and TEM that silica materials with well-organized mesostructure can only be formed when all silicon species were first preactivated by hydrofluoric acid. It was proposed by the reaction eqs 4−8 that the addition of hydrofluoric acid in the system can first induce the reactive fluorine ions with nonreactive SiO 2 in the waste powder and form more SiF 6 2− species, which can be rapidly hydrolyzed to more reactive Si(OH) 4 and/or SiO(OH) 3 − anions by adding ammonium hydroxide. Then, well-ordered MCM-41(DU)-F can be obtained via the strong electrostatic force between silicate species and CTAB molecules. On the other hand, if hydrofluoric acid was not added, then the bulk SiO 2 particles could not be dissolved and further hydrolyzed into reactive Si(OH) 4 and/or SiO(OH) 3 − anions. Thus, fewer amounts of reactive silicate anions present in the mixture would result in lower specific surface area and pore volume of MCM-41(DU). Besides, the presence of undissolved SiO 2 particles as extraframework particles would also disrupt the uniformity of the mesostructure. This is confirmed by the XRD analysis shown in Figure 2b , where MCM-41(DU) shows a stronger intensity of amorphous SiO 2 than that of MCM-41(DU)-F.
Application of Recycled Mesoporous Silicas for CO 2 Capture. The uniform mesostructure with high surface area, large pore diameter, and pore volume of waste-derived mesoporous silica materials may imply them as ideal supports of TEPA impregnation for CO 2 capture. In comparison, the MCM-41(NaSi) sample synthesized using a pure chemical reagent of sodium silicate is also performed. Thermogravimetric analyses (TG/DTG) are first conducted to evaluate the amount of TEPA loaded on TEPA-impregnated adsorbents. As seen from Figure 4a , all aminated adsorbents show a broad temperature range of their weight losses. The first weight loss region at <120°C is mainly from the evaporation of the adsorbed water on the surface of the materials. The second weight loss regions at around 120−200°C are very significant. It is observed from the DTG profile (Figure 4b ) that the maximum mass change rates appeared at around 170−200°C, and this is mainly attributed to Hofmann elimination of trimethylamine in TEPA-impregnated adsorbents. 13 The third weight loss regions (200−700°C) are due to the carbon chain (C−H 2 ) decomposition by oxidation processes. 13 The mass loss observed in the temperature range of 120−700°C was 40.0% for TEPA-MCM-41(AF), 42.7% for TEPA-MCM-41(NaSi), 41.1% for TEPA-MCM-41(DU), and 43.7% for TEPA-MCM-41(DU)-F, which correspond to 10.57, 11.28, 10.86, and 11.54 mmol of nitrogen adsorption sites per gram of silica, respectively. It is obvious that similar weight loadings were achieved for all samples. Figure 5a displays the breakthrough curves of 15% CO 2 adsorption on TEPA-impregnated adsorbents at 60°C via the packed column reactor. Initially, all adsorbents could have adsorption efficiencies near 100%. The CO 2 adsorption capacities of all adsorbents shown in Table 1 were in a range of 97−120 mg/g of adsorbent and followed the order of TEPA-MCM-41(DU) < TEPA-MCM-41(AF) ≈ TEPA-MCM-41-(NaSi) < TEPA-MCM-41(DU)-F. It is reported that the adsorption of CO 2 by TEPA-impregnated adsorbents was driven mainly between the acidic CO 2 molecules and the basic amino groups within the TEPA molecules. Generally, the following chemical reactions are expected to take place when CO 2 molecules react with TEPA: 
It is seen that the two amino groups are required to capture one CO 2 molecule. As published by Hiyoshi et al., the dense amino groups are more effective as adsorption sites than those isolated on bare silica supports. 25 Thus, the key parameter affecting the CO 2 adsorption by aminated adsorbents is not the surface area but might be the density of amines on the surface of the support.
The surface density of amines in the aminated samples was determined by taking into account the amine loading calculated from TGA analysis and surface area of parent mesoporous support, and the results are plotted in Figure 5b . It is seen that the sorbent capacity is in proportion with the surface density of amine and follows the order of TEPA-MCM-41(AF) (112 mg/ g of adsorbent and 6.0 N atom/nm 2 ) ≈ TEPA-MCM-41(NaSi) (113 mg/g of adsorbent and 6.2 N atom/nm 2 ) < TEPA-MCM-41(DU)-F (120 mg/g of adsorbent and 8.8 N atom/nm 2 ). However, it is noteworthy that the TEPA-MCM-41(DU) sample showed relatively lower CO 2 capacity (97 mg/g of adsorbent), even though it exhibits the highest amine surface density (16.5 N atom/nm 2 ). In this sense, the amino surface density is not the only parameter affecting CO 2 adsorption performance in these aminated adsorbents.
In addition to amine surface density, the effect of textural properties of silica support on CO 2 adsorption was also studied. Son and co-workers employed a series of 50 wt % polyethylenimine (PEI)-impregnated mesoporous silicas as adsorbents for CO 2 adsorption. 26 They found that the adsorption capacity was a function of the pore diameter of the bare support and followed the order of MCM-41 (2.8 nm and 1D) < MCM-48 (3.1 nm and 3D) < SBA-15 (5.5 nm and 1D) ≈ SBA-16 (4.1 nm and 3D) < KIT-6 (6.5 nm and 3D). However, in this study, MCM-41(DU) with a relatively larger pore diameter (4.4 nm) appears to have lower CO 2 uptakes compared to those of MCM-41(AF) (3.0 nm), MCM-41(NaSi) (3.1 nm), and MCM-41(DU)-F (4.5 nm) ( Figure  5c ). The CO 2 capacity, on the other hand, increased with an increasing total pore volume of the silica support. As seen from Figure 5d , a linear relationship with a correlation coefficient R 2 = 0.97 was observed between the total pore volume of the parent silica supports and the CO 2 capacity. This clearly indicates that the total pore volume of the bare silica support plays a predominant role in CO 2 adsorption rather than the pore diameter.
The density of TEPA is 0.99 cm 3 /g, and the total pore volumes of MCM-41(NaSi), MCM-41(AF), MCM-41(DU), and MCM-41(DU)-F are 1.00, 0.99, 0.52, and 1.10 cm 3 /g, respectively. Thus, the maximum theoretical TEPA amounts loaded inside the pore channels were calculated to be 50, 50, 34, and 53% for MCM-41(NaSi), MCM-41(AF), MCM- , and MCM-41(NaSi) were nearly filled with 50 wt % TEPA; therefore, this may easily result in the blockage of effective adsorption sites and constricted pores, leading to the decrease in adsorption capacity. One can see from the BJH pore size distribution plots (see Figure S4 of the Supporting Information) that the pores of MCM-41(AF) and MCM-41(NaSi) are diminished significantly after TEPA impregnation. On the contrary, parts of mesopores are still maintained in TEPA-MCM-41(DU)-F, and this could make the gas flow into TEPA-MCM-41(DU)-F more easily, which is beneficial for CO 2 adsorption. Thus, more efficient contact between the CO 2 gas and the impregnated TEPA could be achieved when a small space is still left insides the pores of the silica support after amine loading.
Lately, Qi et al. 27 demonstrated the relationships between the CO 2 capacity, amine loadings, and pore structures, including surface area, pore diameter, and total pore volume. They found that the sorbent capacity is more related to the total pore volume of the support than the other parameters. Beyond a critical amine amount, the pore blocking would dramatically occur in the sorbents and, thus, impede adsorption. A similar observation was also found by Yan et al., who found that the sorbent capacity increased with the total pore volume of the parent SBA-15 support. 28 The results by Qi et al. 27 and Yan et al. 28 seem to be consistent with the results of this study. Consequently, one may conclude that, although the dispersion of amino groups on the high surface area materials may increase the adsorption capacity, the pore diameter and pore volume of the support seem to largely influence the adsorption capacity.
Comparison of MCM-41(NaSi), MCM-41(AF), and MCM-41(DU)-F. Table 2 lists the summary on the comparison of TEPA-related materials used for CO 2 adsorption in terms of their starting precursors, manufacture process, and sorption capacities. MCM-41(NaSi), which was prepared using pure chemical silicate precursor, can be considered as a promising adsorbent for efficient CO 2 capture. However, they may pose problems in practical field applications because of their high cost, and this would be one of the most important considerations for industrial applications.
Generally, a significant portion of the cost to prepare mesoporous silica materials is due to the use of the silicate source because the other required components, i.e., the structure directing agents, such as CTAB surfactants, can be easily recycled using the solvent extraction method under mild conditions (<100°C), which is obviously more cost-effective and energy-saving than the high-temperature calcination treatment. Commercial fabrication of sodium silicate is associated with high temperature, high pressure, and strong acidity, which is costly, energy-consumed, and non-environmentally friendly. In this respect, avoiding the use of commercial silica precursors for the synthesis of siliceous advanced materials seems to be highly desirable and would be beneficial in terms of cost, environmental impact, and scale-up potential.
The production of valuable silica-related materials from industrial waste exhibits advantages of reducing both the waste production rate and natural resource consumption rate. This has been especially important on using natural resources for the capture of abundant CO 2 greenhouse gas. The use of wastederived materials as adsorbents can not only reduce the CO 2 greenhouse gas emission but also produce less waste after CO 2 adsorption because the adsorbent itself was made from the waste materials. In this regard, the MCM-41(AF), MCM-41(DU), and MCM-41(DU)-F adsorbents were produced using photonic industrial silicate waste. Even though MCM-41(AF) with an ordered mesostructure and a high CO 2 capacity can be obtained, the alkali fusion treatment might not be an economic and energy-effective approach because the process is typically performed under a high temperature of 550°C.
On the other hand, MCM-41(DU)-F, which has the highest CO 2 capacity of 120 ± 4 mg/g among all tested adsorbents, can be facilely prepared using photonic industrial waste with the assistance of HF. In photonic and semiconductor industries, HF is also produced as a liquid waste and, thus, can be reused as a useful resource instead of being wasted. In terms of a greener production of the adsorbent, MCM-41(DU), which did not use HF in the material synthesis process, may also be a good candidate for CO 2 adsorption because it only sacrifices a small amount of the CO 2 adsorption capacity.
In conclusion, the proposed manufacture of silica adsorbents from waste silica sources can be processed under roomtemperature conditions, and it is simple, cost-effective, and energy-saving compared to the traditional alkaline fusion method for the extraction of silica from waste resources. This novel process could also be employed for the extraction of silica from other industrial and agricultural wastes and applied as adsorbents or catalysts for a wide range of environmental pollution control applications.
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